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河口作为连接陆地河流和海洋的水域，是海上交通运输、渔业资源捕捞
以及其它人类工程活动的重要场所。水声通信技术可以为该区域的海洋生态
环境实时监控和保护提供一系列有效的技术支持。然而，河口地处浅海，环
境时变-空变特点复杂，一系列物理海洋过程如潮汐引起的水体混合、海上风
浪等都可能影响水下声传播以及水声通信系统性能。为了使系统稳定、有效
地工作在这样复杂时变的浅海环境，下一代水声通信系统需采用基于“物理
海洋环境变化”的设计理念，充分考虑实际物理海洋环境的时变特点，以此
来选择最优的应对方案。因此，要求人们对海洋环境、水下声传播以及水声
通信三者之间的内在联系进行更深入、全面的研究。
论文研究浅海河口时变物理海洋环境与水下声传播、水声通信之间的关
系，研究成果可用于水声通信系统的设计和参数选择，使其更好地应对水声
信道的环境时变性。论文综合了此方向研究的最近进展，基于海试实验数据
分析、数值模型仿真和实验室模拟实验三大方法，深入研究浅海河口物理海
洋环境对水下声传播的影响，分析不同海况下的水声信道的特点及其对水声
通信系统性能的影响。所涉及主要研究内容如下：（1）河口潮汐作用引起的
水体变化对水声直达信号的影响；（2）风浪引起的海面粗糙度变化对声海面
反射多径信号的影响；（3）利用综合模型仿真，分析水声通信系统在不同海
面风速影响下的性能变化；（4）利用实验室模拟实验，研究时变风浪对相干
和非相干两种体制的水声通信系统的影响。
其中，前两个内容主要研究河口的时变环境与水下声传播之间的联系。
基于美国特拉华湾海试实验数据分析和物理海洋-海洋声学联合模型仿真，研
究了河口浅海环境中水声直达信号与海面反射信号的时变特点。在水体变化
对直达信号的影响方面，发现受特拉华湾河口潮汐作用的影响，直达声信号
表现出周期性衰落，并基于物理海洋学和水声学的知识，探究直达信号衰落
现象成因及其与河口水动力机制之间的密切联系；在波浪引起的粗糙海面对
声海面反射信号的影响方面，利用海试数据和联合数值模型（联合风浪模型、
海面波浪生成模型和抛物方程声传播模型）分析了风致时变海面影响下的水
声信道多径特点，研究海面反射信号的声压与海面实测风速的关系。
后两个研究内容将河口时变环境下的水下声传播特性应用到水声通信研
究中，探究浅海环境的快速时变（主要是风浪）对不同调制方式下水声通信
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系统性能的影响。为了更好地分析物理海洋环境变化对水声通信系统性能的
影响，采用独立变量的思想，将海面边界条件作为唯一的变化参量，分别使
用综合模型数值仿真和实验室模拟实验两种方法对该问题展开分析。一方面，
运用“物理海洋-水声传播-水声通信”综合模型仿真研究了不同风速条件下的
时变水声信道，代入水声通信系统中进行仿真，研究海面风速对相干水声通
信性能的影响；另一方面，通过环境变量可控的实验室模拟实验研究了相干
和非相干水声通信系统在无风、有风情况下的误码率性能变化。
论文主要研究结论如下：（1）浅海河口在潮汐影响下引起淡水海水之间
的周期性水体交换，在退潮末期容易形成正声速剖面，使得声直达信号向上
弯折，最终在海底形成声影区造成衰落；（2）浅海河口环境中，各阶海面反射
信号的声压峰值随着海面风速增加而减少，是风致海面粗糙度使声波在海面
边界散射的结果；（3）相干水声通信系统的性能随风速增加而明显下降，主
要是信道变化性和降低的信号时间相干性的结果；（4）非相干通信的性能受
风浪影响较小，风浪引起的多径能量散射有助于提高非相干通信系统的性能。
论文主要创新点包括：（1）采用“物理海洋-海洋声学”联合模型，研究
河口时变环境（水体环境变化、海面风浪）影响下的水下声传播和水声信道
特点；（2）构建“物理海洋-海洋声学-水声通信”综合模型，研究河口的浅海
时变环境（海面风浪）对水声通信系统性能的影响；（3）综合使用海试实验、
联合数值模型仿真以及实验室模拟实验三种研究方法，研究时变海洋环境中
的水下声传播和水声通信问题。
关键词：河口；时变环境；海面波浪；水下声传播；水声通信
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Abstract
Estuaries are water regions that connect rivers and oceans, which are very im-
portant due to heavy traffic, fishery and other coastal engineering activities. Under-
water acoustic technology offers a series of effective applications and technical sup-
ports for real-time monitoring and long-term preservation of the nature environment
and ecosystem in these regions. However, estuaries are shallow waters with compli-
cated temporal and spatial environmental variability, involving a variety of physical
oceanographic processes, such as tidal water mixing and ocean winds/waves, which
can significantly influence the underwater sound propagation and moreover, under-
water acoustic communications. In order to perform reliably and effectively in such
complex time-varying shallow-water ocean environments, next-generation underwa-
ter acoustic communication systems need an all new design based on the environ-
mental variability of the physical ocean, which takes the environmental physics and
time-varying variability into account and is able to adapt and switch to the optimal
mode as the environment evolves. Therefore, a deep, comprehensive and thorough
understanding of the link between the time-varying ocean environment, underwater
acoustic channel and underwater acoustic communication systems is highly required.
This dissertation investigated the relationship between the shallow-water, time-
varying environment of estuaries, the underwater sound propagation and underwater
acoustic communications, which can help the design of underwater acoustic systems
so that they can adapt the time-varying environment with wiser parameter configura-
tions. In this dissertation, field data analysis, joint numerical modeling, together with
a controllable laboratory experiment were used to study acoustic channel variability
of a shallow estuary and its influence on the performance of underwater acoustic com-
munications. This dissertation included four aspects: (a) Effect of water-column vari-
ation due to the tidal dynamics in an estuary on the underwater acoustic direct path;
(b) Effect of time-varying surface roughness due to the wind-driven waves on un-
derwater acoustic surface paths; (c) Numerically modeling the effect of time-varying
wind-driven shallow-water waves on coherent underwater acoustic communications
using a combined model; (d) Conducting a controllable laboratory experiment to in-
vestigate the time-varying wind-driven water waves on the performance of coherent
and non-coherent underwater acoustic communications.
– IX –
厦
门
大
学
博
硕
士
论
文
摘
要
库
Abstract
The first two aspects focused on the link between the time-varying environment
of an estuary and the underwater acoustic wave propagation. With field data analysis
and joint numerical modeling, time-varying variability of acoustic direct path and
surface-bounced paths from a high frequency acoustic experiment conducted in the
Delaware Bay estuary was explored. On one hand, periodical acoustic direct path
fading was found in the tidal-straining Delaware Bay estuary, with the fading period
as same as semi-diurnal tide. Based on physical oceanography and ocean acoustics,
the mechanism that causes the direct path fading and its link to the water dynamics of
an estuary was investigated. On the other hand, the relationship between the acoustic
surface paths and the surface wind speed was investigated, and the wind-influenced
shallow-water time-varying channel was studied using field data analysis and a joint
model combining physical oceanography and ocean acoustics. The joint numerical
model, including JONSWAP/TMAwindwavemodel and parabolic equation acoustic
model, reproduced the relationship between the wind speed and surface reflection
signals.
The last two aspects applied the knowledge of underwater sound propagation in
shallow estuaries into analyzing the performance of underwater acoustic communi-
cation systems, i.e., investigating how the fast fluctuation of shallow-water environ-
ment (wind-driven waves) influences different fundamental modulation schemes for
underwater acoustic communications. To better analyze the effect of environmen-
tal variability of physical ocean on underwater acoustic communications, the surface
condition was set as the only variation in the numerical modeling and the controllable
laboratory experiment. On one hand, a combined model including physical oceanog-
raphy, ocean acoustics and underwater acoustic communication was used to study
the time-varying underwater acoustic channel under different wind speeds, and the
performance of the coherent acoustic communication (QPSK) system. On the other
hand, a controllable laboratory experiment was conducted to investigate bit-error-rate
(BER) performance of the MFSK (representing the non-coherent acoustic communi-
cation) and the QPSK (representing the coherent acoustic communication) acoustic
modulations.
The main conclusions of the dissertation are as follows. For the time-varying
variability of underwater acoustic channel: (a) Due to the tidal-straining water dy-
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